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POTENTIALS OP IW)N ]A-8 An TITANIUM IN PASSIVATING SOLUTIONS

Herbert H. Uhlig and Arthur Gear7

Corrosion Laboratory, Department of Metallurgy

Massachusetts Institute of Technology, Cambridge, Massachusetts

C Oz Potentials of iron in chromates follow the Langmuir Adsorption Isotherm,

as shown by the linear relation between - vs C, where n is concentration and

AE is change of potential. Ylaxdnim potential change corresponding to an

adsorbed monolayer of chronate ions occurs at 0.0025 molar K12 r04 , vnich

approximates the minimm concentration for passivity reported by Robertson.

The evidence agrees with a primary mechanism of passivity based on adsorption

rather than oxide film formation, especially since potentials of iron in several

organic inhibitors, which are conceded to function by adsorption, also follow the

adsorption isotherm as shown by Hackerman st al. Passivity of 18-o stainless

steel and titanium in sulfuric acid containing cupric or ferric salts appears

similarly to be accompanied by adsorption of CuP or Fe++. The irreversible

nature of the pot entials is in accord with the view that the adsorbate, in part,

is chemisorbed.

Hydro3'l ions in 4% NaC1 produce more active potentials in passive 18-8

or titanium presumably by displacing adsorbed oxygen. Potentials of 18-8 in

alkaline NaC1 as a function of partial pressure of ozygen follow the adsorp-

tion isothemP, fAich adds confirmirgA evidence that an adsorbed omygen film

is responsible for passivity. The decreased potentials between active and

passive areas plus precipitation of passivity-destroying metal chlorides at



S •incipint anodes accounts for ink•il Aon of pitting in chloride solutions by

Calculated Lamuir iso-them coustants, taking into account cometitive

eftemisorption processes, agree qualitai '.vely vith expected relative values

based on oheaioal properties of metals and adsorbates.
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POT.NTIALS OF IRON. 1=8- AND TITANIUM IN PASSIVATING -OLYZIONS

Herbert H. Uhlig and Arthur Geary

Corrsicn aTb"rntory, Dapart-me-t of t Matlurgy

Massachusetts Institute of Technology, Cambridge, Massacbhuetts

Chromates are in the class of inhibitors called passivators because the

potential of iron immersed in a chromate solution is several tenths volt more

noble than In water, and iron no longer corrodes visibly. Two points of view

have been proposed regarding the mechanism of passivetion by these and eimilar

compounds. Hoar and Evens( 1 ) proposed that chromates react with soluble ferrous

(1)T. P. Hoar and U. L. Evans, J. Chum. Soc., 29 , 2476

emits throwing down a protective film of hydrated ferric and chrouic oxides.

Accordingly, a fila of ferric oxide on air-exposed iron vill, if introduced

into chrm toes be made more protective because the chromte a•reuprs" the flmu

discontinuities. Since then,, this view us boon re-stated by several Investiga-

tors(2094). Nemyne and Pryor(3) modified the picture somewhat, based on their

(2)T. P. Hoar, Trans. Faraday Soc., Z, 683 (1949).

(3)J. Mayne and M. Pryor, L. Chem. Soo.,, Ji, 1831

(4)M. J. Pryor and M. Cohen, J. Electroehem. Soo., )M, 203 (1953).

electron diffraction studies, proposing initial adsorption of chromates followed

by direct reaction with iron to form an unhydrated 2 FeAP3 film Which "hey



suggested was a better diffuision barrier layer than a film of hydrated oxides.

A second view attributes passivity to adsorption of chromate ions on

the metal surface(5' 6 '7' 8 ). Formation of an oxide film is considered unnecessary,

(5)H. E.Uhlig, Chem. Bag. News, -U, 3154 (1946).

(6)H H. eMLig, Metaux et Corrosions 22, 204 (1947).

(7)"Corrosion Handbook", p. 31, edited tb H. H. Uhlig, John Viley & Sons, Inc., 1948.

MW. D. Robertson, J. Electrochem. Soc., 2, 94 (1951).

although such a film may form eventually and aid in the overall protection. The

primary protection, however, is considered to result from satisfaction of valence

forces of the surface metal atoms by chemical bonding with chromate ions, and

withouUi the metal atons leaving their respective latticeS. A similar mechanism

(9)has been proposed for specific organic inhibitors

(9)N. ackerman and H. Schmidt, Corrosion, s., 237 (1949).

Passivators, in accord with this viev, are substances having high affinity

for the metal, and accompanying high activation energy for any reaction which

results in a new lattice belonging to a surface stoichiometric compound. These

are the essential conditions for ohemisorption. Consequently, an iron-chromium

oxide or iron oxide, whichever forms ultimately when iron is exposed to chromate

solutions, accumulates only slowly. Chlorine, for example, ts not a passivator

because, despite high affinity for the metal, its activation energy for reaction

is low, resulting in rapid production of iron chlorides rather than a chemisorbed
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UiLm of chlorine intoms. Oxygen, by way of contrast, readily chernsorbs on many

metals and is a good passivator. Halide ions break down )asEivlty by competing

with oxy~ten or othsr p"a-ivators for a :l)ae on Lhe ,aetal aurl.^ce; ILL once Lhey

suc ead, metal corrodes at such arevs until additional Passivator adsorbs.

Evans(10) and others(10311) isolated oxide films on iron e7?osed to

(n) U. R. Ev-.ns, J. Chem. Soc.. 1SML, 1020

(11'U. R. Evans atnd J. Stockcd -le, J. Chem. Soc., 1&4a, 2651

chro.mwtes and su-josed tese to be the primary source of orotection. Circum-

stantial evidence of tiis kind is not conclusive, however, in view of the primary

orucess of adsorPtion which, if it occurs at all, always orecedes the fornation

of oxides or other comoounds, and conti.ues in effect even after the usually

oermmeu.le, although re-l tively thick oxide films E 7e formed. In specific in-

stances, some chemical reagents usea for stripping of surface films may tctually

)roduce an oxide rerction p.oduct(12,13). 1hen this is the ctse, the stripping

W. Vernon, r. Yornwell and T. Narse, J. Iron and Steel Inst. (London) 150,

81? (1944).

(13)M. Fontana, Discussion Section Trans. Elezrochem. Soc., Up, 335 (1948).

reagent may hasten reaction of adsorbed films, if not of other substances, with

the metal, resultirn in a surface compound where none existed before.

McKinney and Warner (14) in discussing a paper by Evans expressed doubt

(14D. McKinney and J. C. Warner, Ind. and Eng. Chem., 32, 705 (1945).
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that chromates could act merely by precipitation of ferric-chromic oxides on the

metal surface, in view of the fact that chromic salts are relativeiy poor inhibi-

tors compared with chromates. Evans(15) replied that when c&.r=mic salts pre-

(15)U. R. Evans, Ibid, p. 706.

cipitate a film of hydrated chromic oxide on cathodic areas, attack is not hindered;

whereas with chromates mixed hydroxides aro precipitated locally at places where

anodic attack would otherwise set in and prevents it from developing. This explana-

tion, however, is less convincing in light of Robertson! s(8) subseouent data

which showed that malybdates and tungatetes, analogous to chromates structurally,

and inhibiting at the same minimum concentration, fail to oxidize ferrous salts,

(or do so extremely slowly(4)) and, hence, are quite unlike chromates in their

capscity to precipitate a supvosed protective anodic coating

Criticism of Robertson' s conclusions has been m-de on the basis that the otherwise
weak oxidizing capacity of molvbdate and tungstate in acid solution might be
greater in neutral solutions(l' ) corresponding to conditions of pH at the surface

(16 )M. Pryor and M. Cohen, Discussion Section, J. Electrochem. Soc., 98, 513 (1951).

of iron. However, the oxidizinrg tendency of these salts is Iess in neutral or
alkaline media as compared with acid solutions, (as can be demonstrated thermo-
dynamically) end, hence, if oxidr tion does not proceed In acid media it is
certEinly not expected uncer conditions of higher pH. This in fact was demon-
strated for molybdetes anc tungstates by Pryor and Cohen through titrations in
neutral media. They f'ound only 115 of 0.0072 N ferrous sulfate to be oxidized by
0.] N sodium tungstEte after as long a period as three drys, elthough they inter-
pret this slow rate as sufficient to form the supoosed protective film. Actually,
molybdates and tumstates are less effective oxidizers than is dissolved oxygen.

This Is not to say that iron does not reduce molybdates and tungstates in solu-
tion and become oxidized ir the process. However, the minimum concentration of
these substances for passivity or inhibition, identical with the minimum concen-
tration of chromates despite differing oxidizing tendencies compared with chromatesor with dissolved oxyren, suggests a mechanism of protection dependent cn some-

thing other than an oxidation reaction leading to impermeable o9'le film formation.

-4-



"=. -- • mr . -m.. 0 -- [

Rozenfelld and Akimov leaned to the possibility thpt anodic Dolarization

of iron by chromates was due to adsorption of the chromate ion(l 7 ). Indell(I1 8 )

(17)1..Rozenfel'd and G. Akmnov, DoklaLdy Akad. NFuR. S..S.R. L, 979 (1949);

Chem. Abst., U., 459 (1950).

(IA)A. Indelli, Ann. Chin. (Rome) Q2, 189 (1950); Chem. Abst., hi, 10177 (1951).

also interpreted potential behavior of iron and 18-8 in chromates in terms of

adsorption of the in.iblting ion.

Simnad(19) using radioactive chromium concluded that the view of Hoe: and

(19)14. Simnad, J. Inst. Metals Monograph No. 13, p. 23, London (1953).

Evans was corcroborated by the almost similar pick-up of radioactive chromium

whether iron was immersed in chrouiic chloride or in chromates, and by the

spotty deposition of radio-chromium salts on an iron surface exo~sed to chromates,

Dresumably revealing ar ide areas. However, his conclusions do not t;ke into

account reaction of chroalc chloride with iron to form hydrated oxides which

adhere to the met.l surface in the same manner as hydrous F,4, but which are

not protective in the same sense as chromates. Similarly,, chromates may be

reduced at preferential met-.1 areas,, particularly if chlorides or sulfates in

solution are present which accelerate consumption of the passivator 20).

(20)14. Darrin, Ind. Eng. Chem., 31, 363 (1946).

Impurities in the metal may also accelerate reduction of chromates.

S--



Brasher and Stove( 2 1 ) based on similar studies using radioactive chromium

(21)D. Brashsr and E. Stove, Chem. and Ind., No. 8, 171 (1952).

as chromate resort that the amount of chromium picked up by abraded mild steel

after three days immersion as a function of chromate concentration follows the

.eorm of a tyoical adsorption isotherm. They find a maximum of 5.5 X 1015 abr0*j

atoms oer cm2 geometric surface. Considering a orobable value of the roughness

factor for an abraded surface eoual to 3 (22), and a diameter of CrO-- eoual to

(2)T. L. O'Connor, Corrosion Lab., M.I.T., unpublished measurements.

5.4 (23) their value corresponds to the equivalent of 4.5 layers of close-Dacked

(23) B. E. Warren, Private communication.

chromate ions. The number of layers would be less if correction were made for

any chromtate adsorbed on the air-formed surface oxide or reduced to chromic

oxide during the three days exposure.

Poiers and Hackerman , also using abraded s-1.el found in agreement

(2 4 )R. Powers and N. Hackerman, J. Electrochem. Soc., IM, 314 (1953).

with Brasher and Stove that after two days immersion in 10-3 M radlo-chromate

at DH 7.5 there were 5.2 x 1015 chromium atoms remaining per cm2 of surface,

uniformly distributed.
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Potential measurements of iron exposed to chromate solutions add to the

pertinent evidence concerning the mechanism of passivaeton. Data of this

kind are presented herewith, together with parallel data for 18-8 stainless

steel and titanium in other passivating electrolytes.

Pa)Cj, '-

Potentiels were measured using a urecision potentiometer and vacumn-

tube galvanometer in conjunction with a silver chloride reference electrode

in 0.1 N KCM. The ootential of the letter on the hydrogen scale omitting

liquid Junction potentials is 0.288 volt at 250 C. All measurements were.

conducted in an air thermostat mainteined within 0.2 0 C of 250C. Final values

are for steady state where the net change within 12 hours wps less than 5

millivolts. This often reouired successive measurements over several days.

The maximum chanx.~e, however, within a few centivolts was obtaird usually

during the first 24 hourz.

iron electrodes were vreDered from high-purity O.030-inch diameter wire

obtained by courtesy of the Nstional Bureau of Standards (C ( 0.C01%, total

impurities about 0.008:R). Six-inch lengths were mounted in glass tubing and

se-led using polystyrene cemenit with about 1 cm of wire projecting. The

surf.ce w's Dreparý.d by pickling in 10M H2•04, followed by washing and

iw.edLate transfer to the test solution.

Electrodes of 18-8 were prepa red from Type 304 0.028-inch diameter wire.

The %Ire wnF firat annerled by heating electrically to 1qO00 C end ausnching in air,
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then was pickled in 15 vol. % HN0 3 , 2 vol. % HF at 70-800C and washed. It was

immersed directly into the electrolyte to a deoth of about 1 cm.

Titanium electrodes were made by cutting thin strips of Bureau of Mines

cold rolled titanium, followed by pickling in .= 3 -HF at 70-800 C. No heat treat-

ment was employed.

Ferric ion concentration in sulfuric acid was determined by reduction first

with stannous chloride, the excess of which was eliminated by adding HgCl 2 , fol-

lowed by titration with perianganate. Cupric ion concentration was determined

by titration using thiocamt4n Dichromate or chromate solutions were made up

by weighing out the recuired amount of salt. Low carbonate NaOH was prepared by

cooling hot saturated NaOH and decanting into wax-lined bottles.

The cell used for potential determinations consisted of a 4-ounc• bottle

fitted with a rubber stooper. A salt bridge containing the some solution as

the electrolyte made contact with 0.I N KCl in which the silver chloride electrode

was immersed. The latter electrode was mounted in a glass tube, the bottom of

which was constricted to provide a liouid junction by means of a ser-led-In

asbestos fiber.

Air, first bobbled through caustic soda end -%ter, was used to aerate and

stir moat of the solutions. When nitrogen was used, it was purified by paesing

over 4 feet of copper turnings maintqined at 4000C.

In tests for reversibility, the same metel electrode was used throughout,

but for measurements of potentials as a function of concentration, different

electrodes in separate cells were set up. In view of the conuideroble time to

ren,,ch steady state, the latter arrangement was the only practical procedure.

This produced a greater scatter of the dsta but also mede the observed correla-

tion of potential with concentration more convincing,.



IFO)N IN CHMNATES

Iron in contact with distilled weter attains noble values of ootential

as KCrO., 11 a-led. At a concentration of 0.0025 molar, the potential change

3s about 0.5 volt (Fig. 1). Further change at higher concentrations is not

pronounced. The maximum notential change agrees with data presented by Birns(25)

(25)R. M. Burns, J. Applied Phys., I, 398 (1937).

for iron in 0.01 N K 20r 207 solution.

On first immersing the electrodes in a dilute sclution of chromate,

potentials are relatively active, changing to more noble values within about 2

to 4 hours. The time reouired is less as the concentration of chr3mate increases.

Steady-state values in all cases were reached in less than 24 hours.

When the electrodes at steady state in 0.0025 M chromate are transferred

to progressively more dilute solutions, it is found that a maximum of half the

ennobling effect of the chromate is lost. This is true even after exposure to

distilled water for 41 hours.

18-8 STAINLESS STELL AND TITAfl

18-8 stainless steel cor0vdes in dilute sulfuric acid, but corrosion is

effectively inhibited(26) on addition of small amounts of ferric or cupric salts.

(26)"Stainless Iron and Steel", J. Monypenny, 3rd ed., p. 302, Chapman and Hail,

London, 1951.
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Similcr inhibition is observed to hold for titanium(27,28), but wita the dif-

(27)J. Cobb and H. H. Uhlig, J. Electrochem. Soc., 22, 13 (1952).

411D. Schlain rnd J. Smetko, J. Electrochem. Soc., 9j% 417 (1952).

ference that Lae I,enerlcial ef'ects extend to h}vdrochloric acid, unlike the

situation for 13-8. It is of interest, therefore, to determine the parallel

Potential behavior of 13-8 end titanium in sulfuric acid as these inhibitors

ere added. The ootentials in 0.2 . HaSO4 containing up to 0.191 M ferric sulfpte

are sumrarized in Fig. 2, and for similar additions of cupric sulfate up to 0.70

N_ in Fig. 3. The ootentiala of 1-8 in ferric sulfate solution, followed for

several dnys, are found to become more noble by a maxim- of 0.32 volt, whereas

titanium similarly is ennobled to a maximum of 0.39 volt. Since 18-8 is Initially

more noble than titanium by 0.13 volt, the final potentials are not far different.

The general reoroducibility of the measurements can be gaged by a comparison

of two separate runs for 18-8 in aerated solutions. In addition, one run in

nitrogen-saturated solution showed that oxygen exerts no effect on the

potential behavior.

Potentials of 18-8 and titanium are aot reversible as shown by data of

Table I. On Lmuersing 18-8, previously at steady state in 0.19 M Fe+++, into

0.002 1 Fe+++ (referring to 0.2 1 H29S0 4), the second steady-state potential

remained more noble by 0.07 volt after 27 hours exposure than the original

stoady state value of 0.18 volt. However, on re-immersing the electrode Into

0.19 X Fe+++, the potential of 0.35 volt at the end of 20 hours was only 0.04

vol.t more noble than the original value.
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'm

TEST OF -REVERSILTY

I&A

Eletrolyte Initial bE Change of Concentration Final A E
(volt) in moles/liter (volt)

0 r1 Ye•+ in 0.? H2S04 0.31
0.26 Decrease to 0.010 .27 (4 hrs)
0.18 " 0.002 .25 (27 hre)
0.31 Increase to 0.191 .35 (20 hrs)

Titanium

0.70 M Cu+ !n 0.? N HPS0 4  0.17
0.12 Decrease to 0.23 .16 'l hr)
0.09 " 0.078 .I1 N
0.00 " "0.0 .12 "
0.09 Increase to 0.078 .13 "
0.12 "0.23 17 "
0.17 " 0.7n .19 "

Iron

2.5 x 10-1 M_ K1r01  0.49 volt Decrease to 0.0 .25 (41 hre)

0.35 M NaOH in 40 NaCl 0.45
0.18 Decrease to 0.04 .20 (1 hr)
0.15 " 0.025 .17 "
0.00 " "0.0 .10 n
0.15 Increase tc 0.025 .17 "
0.18 " 0.04 .18 "
0.45 " 0.35 .35 "
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With cupric sulfete additions, the potential chages are less than for

ferric sulfate, even though the final concentration of cupric ion is higher.

Maximum &E averaged 0.08 volt for 18-8 and 0.15 volt for titaiium.

In aerated NaCl, 18-- stainlesF stee.s in time cc,,ode b:- Att.ing.

Addition of alkali iaMlhits this type of attack'29). Titz..m, on +I•e mther

29)H. H. Uhlig .nd J. W. Matthews, C7,P % 419 (1951).

hand, !A relative1l resistant +c pitting in chloride solutions vithout alkali

adeitions; including sea water. The potential be. vi.r cf 18-$l IC .4% NaCl

upon addition of NaOH up to 2.9 molar are shown in Fig. 1, and similarly ii.

Fig. 5 for titanium with addition of NaOH up to 0.2 molr. PotentIals were

followed for a total period of about 120 hours. The remarkabie diffarence in

behavior of the metals in this electrolyte compared with previous electrolytes

is that NaOH additions produce more active potentials, or decrease passivity as

measured by potential. The effects are most pronounced with first additions of

NaOH below about 0.01 molar, subsequent additions producing only slight change.

The maximim change of potential for 18-8 was -0.33 volt *nd for titanium -0.38

volt, indicating again similar behavior of both metals.

It was also of interest to learn the effect of oxygen on the potentials

of 18-4 in this system, because of the imoortance oxygen has with respect to

passivity of stainless steels exposed to the atmosphere. Potential measure-

ments were carried out in 4% NaCl containing 0.3 X NaOH through which nitrogen,

oxyen or air was bubbled. Also, one gas mixture wan prepared, containing 0.05

atm. partial pressure oxygen, by compressing air and nitrogen to appropriate
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pressures in a single gai cylinder and using this mixture to aerate and stir

the electrolyte. The. results are given in Fig. 6 showing that oxygen, as

expected, ennobles tht potential of 18-8 as the partial pressure Increases.

Out of curiosity, potentials were also determined for iron in 4% NaC1

as a function of NaOH additions. Here the potential becomes a= nbla, oppo-

site to the trend for 18-8 ;r titanium (Fig. 7). About 24 hours or less were

required for steady state. The values, on immersing the electrodes in several

more dilute NaOH solutions after reaching steady state in 0.35 K NaOH, were

the same as previously determined within 0.02 volt (after one hour) and on

returning the electrode to 0.35 H NaOH, the potential was less noble by 0.1

volt (Table I). It is especially significant that the potential of iron,

initially active in 4% NaCl, and the potential of 13-8 initially noble, approach

the same value on additions of NaOH. The Initial potential of iron vs Ag-AgCl,

0.1 1 KC1 is 0.78 volt which b~ecomes more noble on OH- additions by 0.46

volt making the final notential 0.32 volt active to Ag-AgCl. The potential of

18-8, on the other hand, is initially 0.05 volt noble to Ag-AgCl becoming

more active by 0.33 volt or finally 0.28 volt active to Ag-AgCl, a value which

is nearly the same as 0.32 volt for iron. This suggests that the final sur-

face states of iron and 18-8 (which contains 74% iron, in alkaline NaCl are

comparable, despite large initial differences inoutral Na&C. Accordingly,

it is not surprising that the corrosion rates in alkaline NaCl are comparrably

low for both metels. but are quite different in ieutral or ne,,r neutre.l NaCl

solutions.
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DIS LSSJOPj

For etch metal studied, the potentiEl behavior as a function of passivator

or inhititor concentrrtion resembles a typical adsorption isotherm. This

relr tion is sxpected if inhibitors function by adsorbing on -Lhe metal surface,

but would not be predicted, presumably, by a9M mechanism involving diffusion-

berrier oxide or other type reection-product films. Farther consideration,

therefore, of the data in light of adsorption appeors worthWhile.

THE ADSORPTIONSON ... AND ET.

The adsorution isothr=. proposed by Lngmir(30 is expressed as follows:

(30)I. Lang•Iir, J.A.C.S., A2, 1361 (1918).

l+ap

where x is the amount of gas adsorbed per unit area at pressure p, and a and

b are const•nts. The constant b is equal to maximAm adsorbate 3; at high

values of p, end a is releted to hes, of adsorption(31). Assuming that Henry's

(31)I. Langmur, J.A.C.S., /h., 2798 (1932).

Law applies. this can be converted to a similar expression for adsorption from

liquids where concentretion of solute C substitutes for gas pressure p.

Furthermore, if the ions a:dsorbing on a metal surface form dipoles each

of electric moment f, electrostatic theory leads to the expression 4WT n (

-- 1 -



for the total change of potential AS produced by n dipoles adsorbing per

unit area of metal surfacs. Therefore, AS is proportional to x, and minu

A%• is aimilarly proportiona. to %.

Therefore,

If the Langruir isothem applies, therefore, a linear relation should

exist between plottedwithCs the slope of which is equal to I
m

intercept is ocual to at C 0 0. The data for various inhibitor con-
a0 E

centrations satisfactorily conform to this relation as shown by Figs. 8 to 13.

Potentials for 18-S and titanium in 0.2 11 HASO4 containing Cu++ show a degree

of scattering, caused Drobably by the sm-1 measured potential differences in

these solutions compared with experimental variations, the maximun AE being

C
only 0.08 to 0.15 volt. versus C was not reproduced for Ti and 18-8 in

4% NaCl + NaOH, even though linearity is obtained for all hbt the lowest NaOR".

concentrations. The test of linearity, however, loses significance when values

of &E are essentially constant with change of inhibitor concentration, as is

true in this instance.

*If one considers R supolementary diffuse double layer 3n accord with Gouy and

Chapman, the additional potential change equals hLE.S3 2) where 6 is the

(32) "Introduction to Electrochemistry", S. Glasatone, p. 524, D. Van Nostrand

(1942).

total electric charge per unit area, D is the dielectric constant, andtf is
eoual to (4tW L nz IL2 ) having the same aignificance as in the Debye-Htickel

theory of electrolytes. Since If has the dimensions of reciprocal length and
may be identified vith the effective separation of charges in the dij•ole layer,
this expression, if D = 1, achieves the same form as the expression for a fixed
dinole layer.
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Correspondence, by and large, of the potential data to the Langmur type

isotherm points strongly to the view that the presently considered inhibitors

function by adsorbing on the metal surface. Furthermore, the observed corres-

pondence suggests adsorption of the monolayer type, as was pointed out by

Langmuir in t '.e derivation of his isotherm equation. These conclusions are

stremgthened by measurements of Hackerman and Sudbury(33), shoving that potentiels

(33)N. Hackerman and J. Sudbury, J. Electrochem. Soc., 27, 109 (1950).

of steel in contact with organic amine inhibitors also follow the Langmuir

adsorption isotherm. The linearity of 4 versus C reported by them is especially

significants since it is generally conceded that orgenic inhibitors function by

adsorbing on the metal surface(34s35).

(34)•etallic Corrosion, Passivity and Proxeotion", U. R. Evans, p. 537, Ed.

Arnold and Co., London (1946).

(35)T. P. Hoar, Pittsburgh International Conference on Surface Reactions, p. 127,

Corros. Pub. Co., Pittsburgh (1948).

Maximn potential change, in accord with present considerations, occurs

with formation of a complete Lonolayer of cheuisorbed ions, any additional

adsorption being accompanied by relatively mall potential changes and lesser

effects on the corrosion rate. It is important to note, therefore, that maximum

ahange of AE in Fig. 1 for iron in chromates occurring at 2.5 x 10-3 molar,

correspondsi approximately to the minimum concentration of chromates (1 x 10-3

molar) found necessary by Robertson(8) for inhibition and passivity. It is

- 16 -



probably reasonable to conclude, therefore, that optimu passivity is associated

vith a monolayer film of adsorbed chromate ions.

Part of the adsorbed chronate is ohauisorbed and part is reversibly ad-

sorbed, an is pointed out by the time necessary to achieve steady state poten-

tials, indicative of the usually longer times required for ohemiuorptio.i, and by

the partially irreversible nature of the potentials. Even after thorough

washing in distilled water, iron passivated in radioactive chroates uhows

residual radioactivity(19a21124), and the potential is more noble than initially.

The fial Irreversible or ehemisorbed portion exerts about half the total

effect on the potential. This result Is in agreement with a similar observation

of Gatoso() who found that on first immersing iron in chromate solutions, the

C. Gatos and H. H. Uhlig, ;. Electroohem. Soo.# 2. 250 (1952).

amount of metal reacting initially when iron is made passive in concentrated

nitric acid is less than in absence of chromate exposure, and that half this

effect of ohromate, but no more, could be removed bW prellimnary washing In

water.

Powers and Hadkerman(2) uggested adsorption of chromate ions on a

surface oxide rather than on the metal. Although such adsorption presumably

may occur, azW meehanim of corrosion protection accopanying a film of this

kind is not yet clear. An air-formed films, at least, is not necessary to

adsorption. Prelimiw.ay measurements in this laborntory using radio-chromate

showed that the usual radtoactivit is picked up by oxide-free Arnoo iron shoot

(0.024% C). The Iron specimens were heated in dried pure HS at 100000, cooled

in this gas, transferred to deaera-bad 1073 _ Cr1O04, pH 1.9, out of contact

with air, and after 2 to 17.5 hours, washed successively in three 200 ml port-ions

I17 -
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of distilled water. Somewhat greate:s residual chromium (3 X 1016 atoms/cm2)

was found than that reported by Braseber and Stove and by Hackerman and Powers

for abraded iron. No residual radioactivity was found on similar specimen

immersed directly into deaorated radioactive chromic perchlorate of pH 1.9.

ADSOITI•ON OF OXYGEN Ah FERRIC. CUPIQC AID H=DOXYL IONS

Presumably, ferric and cupric ions also adsorb on 18-8 and titanium,

producing passivity as gaged by reduced Aorrosion rates or noble potentials.

The ions have a certain electron affinity and when adsorbed receive a certain

amount of negative charge from the metal. The net effect including the effect

of negative ions in solution, is an overall nesatively charged ion layer near

the surface and an equal positive image charge in the metel' similar to the

situation for chromates. This accounts for increasingly noble potentials as

more ferric and cupric ions adsorb, trivalent ferric ion being more effective

in this respect than divalent cupric ion, corresponding also to the order of

inhibition in dilute sulfuric acid(7).

The more active potentials of titanium and 18-8 in sodium chloride solu-

tion on addition of sodium hydroxide can be interpreted as c - ",1't4on betwep"

hydroxyl ion and oxygen for a place on the metal surface, the adsorbed hydroxyl

ion producing a lower order diDole moment than adsorbed oxygen. Chemisorbed

oxygen, according to one viewpoint, is primarily responsible for passivity(5s37;38)-

(37)Ref. 7, p. 24.

(38)H. H. Uhlig, J. Electrochem. Soc., 27, 215C (1950).

in these metals. If the partial pressure of oxygen is increased, the potential

becomes more noble (Fig. 6) in agreement with this view. The potential

- 18 -
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chwnie from 0 to 1 atmosphere oxyen amounts to only 0.1 volt, sugpesting

that the fundamental o-saive lpver of cheiisorbed uv.Ayk in alkaline NaC1 is

only slightly disturbed by hydroxyl ions. This concurs with the observation

that apparent ecuilibrium in this instance is affected between dissolved gas

Pnd molecularly adsorbed oxpnen and not atomically adsorbed oxygen, as shown

%- the linearity of E plotted with P but lack of linearity plotting

WT Z versus V`Fv where D refers to partial oressure of oxx en. Previous auanti-

tative adsorption data obtained for oxygen on 18-8(39) provided evidence, in

(39)H. H. Uhlig and S. S. Lord, Jr., S. Electrochem. Soc., .1z 216 (1953).

fLct, thet the alloy exposed two days to aerated water is covered by a close

osjcked atomic oxr-en layer over which a molecular omen layer is adsorbed.

Were the checiisorbed atomic ox•.en on 18-8 entirely displaced by OH-, the potential

change would be in the order of 0.5 volt, corresponding to complete breakdown

of pAssivity, but a potential change of 0.4 volt occurs only in concentrated

alkalies, e.g., 20% NeOH(40).

(40)H. H. Uhligj, Traus. Am. Inst. Min. Met. Engras., I, 387 (1910).

When iron, on the other hand, is immersed in alkaline NaC1, the competi-

tion includes not only adsorbed OH" and oxygen, but also adsorbed H. Iron

exposed to an acueous solution hos a definite tendency to react, liberating

hydrogen and hydrous ferrous oxide, the free energy for the reaction being

negative(41) and independent of pH, so long as these corrosion products form

(4I)j. C. Warner, Trans. Eleotrochem. Soo., AL 319 (1943).

- 19 -
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and no other. Hydrogen so produced adsorbs on the iron surface and, in

neutral or alkaline solutions, escapes reluctantly as H2 impeding the corro-

sion reaction. With presence of dissolved oxygen, adsorbed hydrogen reacts

to form water as rapidly as oxygen reaches the metal surface. If, however,

rate of consumption falls below the diffusion rate to the surface, excess

oxygen, in turn, can adsorb on the metal. This adsorption, when it occurs, is

accompanied by a lowered corrosion rate and a more noble potential (passivity).

Therefore, as hydroxyl ions are added to the solution, adsorbed H is increasing-

ly displaced by OH- and reaction nf the former with dissolved oxygen slows

down. Consequently, oxygen is in excess at the surface, and conditions are

favored for its adsorption. Support of this state of affairs is provided by

the observation L.hot in ibsence of oxyien, the potential of iron in water is

more active when alkalies(42'43) are added, as is expected on thermodynamic

(42)A. Travers and J. Aubert, Comptes Rend., 33hU, 2308 (1932).

(43). Meunier and 0. L. Bihet, Congres. Chem. Ind., p. 444 (1933).

groundu*. Only in presence of oxygen does the potential become more noble,

the measured potential being a compromise between the iron and oxygen electrode

values. In acid media, on the other hand, the iron electrode covered with

*The reduced solubility of the Fe(OH)2 layer on the metal surface as pH increases

serves to decrease activity of Fe " This accounts for a more active potential
correspondinR to the reaction Fe - Fe++ + 2e, the value for which in volts
is 0.440 - 0.0295 log S.P. + 0.059 log I.C. + 0.059 pH where S.P. is the
solubility aroduct of Fe(OH) 2 and I.C. is the ionization constant for water.
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adsorbed hydrogen behaves approximately as a reversible hydrogen electrode(4'45)

(4)J. D'Ans and U. Breckheimer, Z. Elektrochesn., 3k, 585 (1952).

"(45)"The Electrode Potential Behavior of Corroding Metals in Acueous Solutions",

0. Gatty, and E. Spooner, o. 310, Oxford Press, 1938.

Since iron 'ud 18-4 have about the same potential in aerated alkaline NaCl,

the inference is that if oxygen is chemisorbed on 18-8, it is also, under

these conditions, chemisorbed on iron and is responsible for observed passivity

in both metals. The energy of bonding of o.ygen to the metal need not be the

same in both cases, however, and, therefore, the degree of passivity may

differ.

Powers and Hackerman showed that comnetitive adsorption of CrO- and

OR- takes olace on Cr(46) and iron(24) surfaces, similer to competitive adsorp-

"(461N. Hackerman and R. Powers, J. Phys. Chem., -5, 139 (1953).

tion of H, 02 and OH- described above.

P.TTIFj TENDCIE OF 184 AND TITANIUM

Inhibition of pitting in 18-8 by hydro3Wl ion can be accounted for by

the reduced difference of potential between active and passive aress ih the

galvanic cells that account for pitting(47), since the vassive areas are no

(4,7)Rf. 7, p. 165.
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longer so noble as before. In addition, metal chlorides at incipient pits

react with hydroxyl Ions which migrate rapidly to anodic areas to form metal

hydroxides. The hydroxides, unlike soluble chlorides, do not continuousl.

destroy passivity or, what is the same, do not maintain activity at the site of

chemical disturbance; hence, the pit never gets started. With titanium, the

pitting tendency is decreased by the pronounced tendency of titanium chloride to

hydrolyze to hydroxide or hydrous oxide even in absence of hydroxyl ions.

Hence, titanium, better than 18-8, resists pitting in sea wrter, and the poten-

tial data initcate that in alkaline salt solutions, the tendency would be still

less.

S RATION OF gME~ IN THE DIPOLE LAYER

Values of &E in combination with the equation AE = 4'Wne make it

possible to calculate the average separation of negative charge in the adsorbed

chromate layer from the iron surface. Assuming a diameter of chromste ion

ecual to 5.4 A, there will be 4.0 x 10 ions per cm2 adsorbed in a close

packed monolayer. A layer based on true surface rather than apparent area

would still be eauivalent in projected dipole moment to this number of ions.

Since the change of potential oroduced by a monolayer is 0.5 volt (Fig. 1),

the calculated value of d where e is ecual to nde (n = number of ions per cm2 ,

d = separction of negative and positive charge, and a = electronic charge) is

0,5 1 or 0.07 x 10 cm. Hence, the excess300 x 41T" x 4 x 1014 x 4.8 x 10-10

electrons, according to this calculation, are, on the average, only 0.035 x 10-8

cm from the metal surface, since the positive J.iage charge within the metal is

at a similar distance from the surface. In other words, a relatively slight

- 22 -



-

assymetry of electron density et the mett l surface surrices to exolain the

observed adsorption potentials.

OF UGIRCONSTM~TS

Values of the LFngmulr constants A and a' are summarized in Table II.

In general, AE calculated from the slope of - vs C agrees reasonably well

with the observed maximum A E . For iron in alkaline NaC1, the difference

in values suggests thlt the potential relations are more complex than the simple

adsorotion of oxygen alone, in accord with the discussion of iron potentials

above.

Values of a', according to the Langmair derivation, are larger as the

heat or adsorotion increases. Hence, 02 on 18-8 and chromates on iron show

aoDreciable affinity of adsorbpte for metal. Simihlrly, ferric ions have

greater affinity for 18-9 And titanium than cunric ions. The low value of a t

for iron in alkaline NaC1 suooorts the ooint of view that competitive chemi-

sorption t,kes place between several species, e.g., K, OH and 02, heats of

adsorption for one species tending to cancel out heats of desorption for the

soecies it disnlaces. Competition between possible adsorbates very likely

accounts for the partial reversibility of potentials involving chamisorbed

films. In general, it should be emphasized that values of at reflect a re-

saltant heat effect of one or more comoetitive adsorption processes, even if

the subsstance disolseAd is nothing more than physically adsorbed H2). The

prim.ry orocess, of course, hes the lergest affect. By and large, relative

values of a' are in accord with the expected trend b.sed on chemical properties

of the metals and adsorbetes, end the observed potentials and corrosion behavior.
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